The traits of cultured fish must continually be genetically improved to supply high-quality animal protein for human consumption. Economically important fish traits are controlled by multiple gene quantitative trait loci (QTL), most of which have minor effects, but a few genes may have major effects useful for molecular breeding. In this review, we chose relevant studies on some of the most intensively cultured fish and concisely summarize progress on identifying and verifying QTLs for such traits as growth, disease and stress resistance and sex in recent decades. The potential applications of these major-effect genes and their associated markers in marker-assisted selection and molecular breeding, as well as future research directions are also discussed. These genetic and genomic analyses will be valuable for elucidating the mechanisms modulating economically important traits and to establish more effective molecular breeding techniques in fish.
Fish are produced to supply high-quality protein to the market through breeding of new fish strains with better traits, such as fast growth, high resistance to disease and stress, and a high feed conversion rate (FCR). Fish-breeding methodologies have developed rapidly in past decades, from traditional selection and hybridization to modern biotechnologies, such as marker-assisted selection and molecular breeding. Although selection is the basis for all breeding techniques, traditional family or population-based selection is usually less efficient and the breeding programs may take a long period of time to develop. Most economically important traits in fish, such as growth rate, disease resistance, and sex, are controlled by multiple genes, known as quantitative trait loci (QTL). Most of these genes have minor effects, but several may have major effects on traits. Theoretically, if genes and genetic markers associated with traits of interest are identified, the genetic variants could be used as tools in marker-assisted selection (MAS) analyses. The idea of using genetic markers during selective breeding has been proposed since the 1960s, but the genetic basis for economically important traits in animals including fish has not been analyzed effectively due to a shortage in high-resolution and powerful techniques. However, genetic mechanisms underlying the economically important traits in fish have been studied more effectively with the development of quantitative genetics, molecular genetics, structural and functional genomics, and molecular marker technologies. In particular, an understanding of QTL from zero to the present provides a solid basis for developing fish molecular breeding strategies.
The tools to genetically analyze economic traits in fish include (i) developing a large number of molecular markers; (ii) constructing medium and high-density genetic linkage maps and conducting QTL/expression quantitative trait locus (eQTL) analyses throughout the whole genome; (iii) using a candidate gene approach or an association study; (iv) conducting a bulked segregant analysis (BSA); (v) linkage disequilibrium (LD), or LD associate mapping; and (vi) genome-wide association study (GWAS). Molecular markers are one of the most powerful tools for genetic analyses of fish's economically important traits. In the early stages of this field, genetic variations were represented by a limited number of less polymorphic allozyme loci. Then dominant markers, such as restriction fragment length polymorphism (RFLP), randomly amplified polymorphic DNA (RAPD), and amplified fragment length polymorphism (AFLP), were developed one after another. In recent years, two types of DNA markers-microsatellite or simple sequence repeat (SSR) and single nucleotide polymorphisms (SNPs)-have been widely used in genetic analyses due to their wide genome distribution and high rate of polymorphisms [1] . Molecular breeding includes molecular marker-assisted selection, transgenic breeding, and computer-based molecular design breeding [2] . In the late 1990s, the United States, Japan, Norway, Canada, and Australia initiated genome projects in several aquatic animals. Chinese scientists also started genome sequencing projects for oyster, scallop, shrimp, half-smooth tongue sole, common carp, yellow croaker, grass carp, and grouper. Silver carp, bighead carp, bluntsnout bream, and gibeio carp will also be decoded one after another in the near future. The great advances in genomics, including structural, functional, and comparative genomics, have provided new insights into molecular breeding studies [3] [4] [5] . In this review, we will concisely summarize current genetic and genomic analyses for economically important traits and discuss future directions and prospects for fish molecular breeding.
1 Status of genetic and genomic studies on economically important traits in fish
Genetic linkage maps
Since the first genetic linkage map was published for tilapia in 1998 [6], genetic maps of various densities have been published on some important aquaculture species, and many of these maps used co-dominant genetic markers, such as microsatellites and SNPs. More high-density maps of aquatic species have been reported with the advances in molecular marker technology and increased financial input. Up to 2010, about 30 aquatic animals had publicly accessible genetic maps [7] . However, more aquaculture fish have been added in the past three years, including three of the four major Chinese carp, among them grass carp, silver carp, and bighead carp, and other important aquaculture fish (Table 1).
QTL analysis for growth traits
Growth is one of the most important economic traits of all aquaculture species. Up to 2012, QTL analyses have been conducted in more than 20 aquatic species [7] , and growth is the most popular trait studied. Wang et al. [21] used 380 F1 Asian seabass to identify five major QTLs and 27 potential QTLs. Of them, three major QTLs for body weight, total length, and body length were located at a similar linkage group 2 (LG2) position with the nearby Lca287 microsatellite and accounted for 28.8%, 58.9%, and 59.7% of the phenotypic variations. The other two major QTLs for body weight were located at another LG2 position. These five major QTLs have been confirmed in two other Asian seabass populations [22] . Further QTL fine mapping of the Asian seabass growth trait identified three candidate "growth genes" (cathepsin D, KCTD15, and csmd2) affecting body weight, body length, and total length [10] . The [20] function of the cathepsin D gene in humans involves cell proliferation and cell growth; therefore, cathepsin D may also be a major "growth gene" in Asian seabass. O'Malley et al. [23] identified QTLs for body weight in rainbow trout on 10 different LGs. Wringe et al. [24] used additional backcrossed families and SSR markers to confirm the O'Malley et al.'s results and found several major candidate growth genes (e.g., GH2 and Pax7). Reid et al. [25] identified a QTL for body weight in two LGs (AS8 and 11) of Atlantic salmon, and reported that it was homologous to the growth QTL in rainbow trout. Houston et al. [26] identified QTLs for body weight in LG1 and LG5 of Atlantic salmon. Gutierrez et al. [27] further used a 6.5 K SNP chip to identify QTLs in six LGs at the genomic level. Cnaani et al. [28, 29] identified a QTL for tilapia growth on LG23, which is the linkage group with the genetic sex-determining region. Song et al. [12] used 1487 SSRs to produce a high-density genetic linkage map and successfully identified a QTL affecting body weight in LG14 of Japanese flounder.
Some reports have used a candidate gene approach to identify growth-related genes and molecular markers in fish. Tao and Boulding [30] found polymorphisms in the growth hormone gene (GH) that were significantly associated with growth rate of Arctic charr (Salvelinus alpinus). Li et al. [31] reported an SNP in the insulin-like growth factor-(IGF)1 gene 5′ untranslated region (UTR) of largemouth bass (Micropterus salmoides). Sun et al. [32] reported that two SNPs in exon 3 of the myostatin (MSTN) gene were significantly related to body weight and Fulton's factor in common carp. Liu et al. [33] also found that a SNP in the MSTN 3′ UTR was very significantly associated with total length, body length, and body weight of bighead carp.
QTL for disease resistance
Diseases strongly influence the aquaculture industry. Infectious hematopoietic necrosis (IHN) disease, for instance, is an acute infectious virus disease that affects salmonids in the northern hemisphere. IHN can result in fingerling and larval fish mortality rates of 70%-100%. Identifying immune or disease-resistant molecular markers would provide theoretical and technical bases for breeding anti-disease characteristics. Rodriguez et al. [34] used rainbow trout and steelhead trout hybrids in a backcross with rainbow trout to produce 70 BC1 families. The offspring were exposed to an IHN infection, and the phenotypes were categorized as: 1 (death) and 0 (survival). As a result, six SSR markers were related to IHN resistance based on BSA screening.
Ozaki et al. [35] used 51 SSRs across all rainbow trout LGs in a BC1 family QTL analysis and found two QTLs for anti-infectious pancreatic necrosis virus (IPNV) disease on LG21 in Atlantic salmon. Baerwald et al. [36] used 143 SSRs and AFLP markers in a large F2 family (n=480) and found a QTL on Omy9 associated with whirling disease in young salmonids. This QTL was confirmed in three other families. Several authors have reported QTLs for IPNV, and most show that the anti-IPNV loci are located on LG21 [37] [38] [39] [40] , indicating that rainbow trout and Atlantic salmon anti-IPNV QTLs may be evolutionarily conserved. The genetic effects of Atlantic salmon anti-IHN QTLs have been validated in other studies [41] . Fuji et al. [42] used a segregated population and located a single major QTL controlling resistance to lymphocystis disease on LG15 in Japanese flounder with a phenotypic variation value of 50%. Further study confirmed that an SSR locus within that QTL was closely related with a phenotype for lymphocystis disease resistance [43] .
Molecular markers associated with disease resistance are also found on immune-related genes. For example, Palti et al. [44] reported that MHCII alleles are significantly associated with anti-IHN in rainbow trout. Zhang et al. [45] and Xu et al. [46] successfully screened for anti-disease molecular markers by comparing the polymorphisms of Japanese flounder groups susceptible and resistant to Vibrio anguillarum.
QTL for feed conversion rate
FCR is one of the most important economic traits in fish, as fish with a better FCR increase profits. QTLs for FCR have been reported in cattle [47] , pigs [48] and chickens [49] . Some SNPs in the growth hormone receptor (GHR), neuropeptide Y (NPY), uncoupling protein 3 (UCP3), ghrelin (GHRL), and IGF-2 genes of cattle affect FCR. [50] . Liu [51] used AFLP markers to construct a catfish genetic map and found a QTL associated with FCR. Zimmerman et al. [52] revealed three QTLs for the number of pyloric caeca in three LGs of rainbow trout, and this is an important index associated with FCR. Although FCR studies have been reported in common carp from the Heilongjiang Fisheries Research Institute of the Chinese Academy of Fishery Sciences [53] , QTL analyses for FCR in aquaculture fish are rarely reported.
QTL for sex determination
Sex phenotype and sex determination in fish have specific evolutionary status and diversity. Males and females of some species have significant differences in growth rate or commercial value; therefore, monosex fish culture is a promising strategy. The sex-determining (SD) loci and QTLs have been studied in a limited number of fish, such as tilapia [54] , rainbow trout [55] , and salmonids [56] . Previous studies have demonstrated that sex QTLs are located on LG1, 2, 3, 6, and 23 of tilapia [29, 54, 57] . Eshel et al. [58, 59] reported a major candidate sex QTL that is considered the sexdetermining region in tilapia. Fifty-one genes in this region have been annotated, and 10 have been confirmed. The anti-Müllerian hormone gene is the most differentially expressed gene in male and female tilapia. Sun et al. [60] recently published several sex-specific markers, and one is tightly linked with the sex-determining region discovered by Eshel et al. The sex-determining locus in rainbow trout is located on the LG of RT10 [61] , and this locus also significantly affects thermo-resistance and body length [62] . The sex-determining regions in Artic charr [63] , brown trout [64] , and Atlantic salmon [65] are located on the LGs of AC4, BT28, and AS1, respectively. Woram et al. [66] compared LGs of sex-determining loci in four salmonids and found that although the nucleotide sequences flanking the sex-determining loci were well-conserved, the SD LGs were diverse, suggesting that the regions underwent different recombination events. Loukovitis et al. [67] located growth and sex-determining QTLs in gilthead sea bream and showed that these two traits have similar genetic control in LG21. Martínez et al. [68] located a sex QTL on LG5 of turbot and proposed a ZZ/ZW sex-determining mechanism. Viñas et al. [69] also found a major sex QTL on turbot LG5. These findings suggest that the sex-determining genes may occur on turbot LG5. Song et al. [13] used high-density genetic maps to locate seven sex QTLs on the half-smooth tongue sole LG1f, LG14f, and LG1m. Additional study by Chen et al. [70] provided insight into ZW sex chromosome evolution and identified sex-determining genes, such as dmrt1 and neurl3.
QTL analysis for anti-stress traits
Recent evidence shows that some fish may have sufficient genetic variation to adapt to environmental changes, such as changes in temperature and salinity. For example, cold tolerance in the stickleback may be strongly selected [71] . Growth of tilapia slows markedly when temperature drops below the optimum, and can cause death. Cnaani et al. [28] located a marker associated with cold resistance and body size in a F2 hybrid between Mozambique and Nile tilapia. Moen et al. [72] confirmed that cold-tolerance QTL exists on LG23 in tilapia. Rainbow trout have weak tolerance to high temperature; however, Jackson et al. [73] located thermo-tolerant QTLs on two LGs and identified two tightly linked markers. Danzmann et al. [74] further reported that one microsatellite was associated with thermo-tolerance in rainbow trout, which was confirmed by Perry et al. [75] . Perry et al. [62] further found that the Ssa20.19NUIG sex marker is associated with body length and thermo-resistance in rainbow trout. Sun et al. [76] located a cold resistance locus on common carp LG5. Rengmark et al. [77] reported a high salinity-tolerance gene, while Norman et al. [78] compared QTLs for salinity tolerance among the salmonid genomes and found that the QTLs were distributed on nine different LGs.
Applications and discussion of molecular breeding

Progress of applied molecular breeding studies
Many aquatic geneticists have used genetic or molecular markers as tools to perform parentage and molecular marker-assisted selection [4] . Common carp is a fish cultured worldwide and is one of the most important fish cultured in China. Chinese scientists have achieved good breeding results using genetic distances of female and male parents to design a mirror carp mating scheme. In common carp, bighead carp and other species, Chinese scientists confirmed a positive correlation between growth traits and the number of advantageous variants from candidate major genes. QTL analyses have reported good results from selective breeding programs for spindle-type mirror carp and slim-type common carp [4] . A multi-locus congruent breeding technique has been proposed, based mainly on common carp studies, and provides a basis for establishing a molecular breeding technique in fish (Figure 1) .
Although many research programs are progressing, studies in a few species have shown favorable effects on breeding for anti-disease traits. Fuji et al. [42] found an SSR allele associated with IPN, and used it during large-scale anti-IPN selective breeding and fingerling production [43] . Selective breeding of gibeio carp has made good progress using anti-myxosporean-related MHC alleles as molecular markers [79] . Chen's group selected for anti-disease Japanese flounder using BSA and QTL analyses to identify anti-Vibrio-anguillarum-related markers [80, 81] .
Sex markers have been used in fish species with large sex differences. Chinese scientists have developed strategies for large-scale YY supermale and XY all-male yellow catfish based on the combination of artificial gynogenesis, sex reversal, and X-and Y-chromosome-specific molecular markers, and these methods have been used in commercial production [8284]. Female-specific AFLP and sex-specific SSR markers have been isolated in half-smooth tongue sole [85, 86] , and facilitate sex identification during early growth. Sex determination and sex marker studies have been conducted in Nile tilapia [59, 60] , and sex-marker-assisted selection is expected to be commercialized in the near future.
Discussion of and directions for molecular breeding
People continue to consume more fish protein with the increased demand for foods with beneficial health effects. Aquatic products have become increasingly popular in recent decades, but the increase in aquatic production relies heavily on aquaculture of a limited number of species, such as grass carp, silver carp, bighead carp, common carp, crucian carp, rainbow trout, and tilapia, which account for more than two-thirds of total annual world fish production. Some fish species have met poor traits after many years of aquaculture, such as early sex maturation, weak stress resistance, or frequent disease outbreaks. These features demand selection and genetic improvement for better strains and varieties. Up to now, more than 60 fish and shellfish have undergone selective breeding, and traits of interest have focused on growth and other phenotypes, such as anti-disease and anti-stress (e.g., cold-and thermo-resistant). However, other economically important traits, such as FCR and intramuscular bone content, have received less attention, probably because the phenotypes for these traits are difficult to measure and study [4] . It is expected that future scientists will consider these traits and elucidate the genetic mechanisms underlying them so that molecular breeding for composite traits would be possible.
Genomes of the half-smooth tongue sole and common carp have been sequenced and assembled at the Chinese Academy of Fishery Sciences [70, 87] . After several years of efforts by the scientists there, hundreds of QTLs and molecular markers for growth traits have been found in various common carp strains, as well as markers for immuno-related and cold-resistance genes and markers. QTLs associated with sex and growth-related traits have been identified, and the sex chromosome sequences have provided a solid foundation for molecular and mono-sex breeding studies in half-smooth tongue sole. Scientists have also identified many QTLs for various traits in salmonids, tilapia, and flounder. Nevertheless, QTL fine mapping has been rarely reported in cultured fish. Currently, QTL analyses in fish have provided LG intervals, and those markers tightly linked with an interval may be suitable for MAS. However, a more powerful method is to identify genes from those intervals, screen the SNPs at the population level, and apply the SNPs in a molecular breeding program through quantitative trait nucleotides [88] . Genes in the QTL interval that affect traits of interest should generally meet the following criteria: (i) the function of the gene is known and it plays one of the most important roles affecting the trait(s); (ii) the gene has been subjected to functional studies in this or other species, such as gene transfer or knockdown; (iii) the gene is expressed in tissues or organs that involve traits of interest; and (iv) the gene modulates the trait throughout development. Further confirmation is needed for those genes and markers in different populations and families. Only confirmed genes and linked markers can be used for MAS or molecular breeding.
Although QTL analyses screen for trait-related loci throughout a fish genome, it is usually used for family material, which makes QTL results difficult to confirm in other populations or families. LD analysis or LD mapping (usually of population material) is used to localize QTLs for more polymorphic sites and at higher resolution. Therefore, LD mapping is a powerful method to identify the functions of major-effect genes or high-resolution QTL [89] . High-throughput DNA sequencing and SNP-detecting technologies have been used with LD mapping to identify possible advantageous alleles of genes in fish. As mentioned above, some reports have demonstrated that different QTLs for sex, anti-disease (or stress resistance), and growth traits may harbor the same LG on a similar or nearby position. Fine mapping of those QTL intervals with multiple phenotypes could be conducted with LD mapping, comparative genomics, and other cost-effective methods to identify and confirm novel genes and their associated markers for molecular breeding.
A candidate gene approach [90] together with the BSA method is an effective way to identify trait-associated genes and molecular markers in species with or without genetic maps. The BSA method has been applied to discover sex and disease-resistance genes in aquatic animals [34, 91] , but it has rarely been used to identify major candidate growth genes or those for other economically important traits. In the future, BSA should be more frequently used in eQTL to identify major genes and associated markers, particularly when used in combination with high-throughput next generation sequencing.
GWAS is a powerful technology to reveal trait-related genes and alleles. However, GWAS relies heavily on the development and genotyping of thousands of molecular markers throughout the target genome. As re-sequencing costs are high, GWAS has only been used in humans and a few domestic animals. Fortunately, whole-genome sequencing is complete or is nearly complete in several cultured fish species, and sequences of more fish genomes will be available in the near future. Thus, GWAS will be used for more frequent genetic analyses of economically important traits in cultured fish.
Scientists have proposed a molecular design breeding concept with the rapid accumulation of known genes and genetic variants that affect economically important traits of domestic animals and plants. This is to integrate major-effect genes and favorable variants to create new strains and varieties to improve agricultural performance [2] . Scientists from the Chinese Academy of Sciences also proposed a molecular module design breeding concept to establish new breeding biotechnology in the new era. Molecular design breeding or molecular module design breeding is based on molecular docking of three-dimensional biomacromolecular data, computational analysis, integration, and simulation to select the best breeding strategy for a computer virtual design before initiating an actual breeding program [92] . Further understanding of fish genomes and identifying large numbers of QTLs, candidate major genes, and associated markers will reveal the potentials of molecular breeding. Enriching omics information and molecular elements (genes and markers) for major traits in cultured fish will allow molecular (module) design breeding technology to achieve great progress in the near future. 
